Abstract--Various plant secondary metabolites related to cinnamic acid are of interest because of their repellency to birds and their occurrence in ecologically important food items. Coniferyl benzoate (CB), a phenylpropanoid ester that occurs in quaking aspen (Populus tremuloides) is of particular ecological interest because of its effect on ruffed grouse (Bonasa umbellus) feeding behavior and its possible influence on the population dynamics of this bird. During detoxification processes, CB and other analogous compounds are metabolized into by-products, such as ferulic acid (FA), that can cause antireproductive effects. We tested whether consumption of CB produces antireproductive effects similar to FA using male and female Japanese quail (Coturnix coturnix) as avian models for ruffed grouse. The parameters we investigated included: the production, morphology, and development of eggs; reproductive characteristics influenced by estrogen; serum prolactin levels; and male reproductive behavior. Dietary CB did not produce antireproductive effects similar to FA at intake levels that Japanese quail and ruffed grouse would freely consume. Consumption of CB by Japanese quail significantly reduced egg production and body mass but did not affect male reproductive performance. Coniferyl benzoate's effect on egg production may be explained by lower energy acquisition and retention rather than endocrine changes per se. Contrary to previous reports, it is unlikely that FA, or similar compounds act directly as estrogen mimics or antagonists. Although, CB did reduce egg production in quail, it is unlikely that it would affect egg production in wild *To whom correspondence should be addressed. ruffed grouse. Detoxification costs and the effects of CB on nutrient utilization may explain why ruffed grouse avoid high dietary levels of CB.
INTRODUCTION
Many plant secondary metabolites related to cinnamic acid, such as coniferyl benzoate, vanillin, and methyl cinnamate, are repellent to birds and other animals (Crocker and Perry, 1990; Shah et al., 1991; Jakubas et al., 1992; Avery and Decker, t992) . These compounds are of interest because of their ecological significance (Berger et al., 1977; Buchsbaum et al., 1984; Jakubas and Gullion, 1991) and potential use as pest repellents (Crocker and Perry, 1990 ; Jakubas et at., t992; Avery and Decker, 1992) . Although some of these compounds have been shown to have aversive sensory properties (e.g., Jakubas and Mason, 1991) , little is known about how their biological activity is linked to their repellency. Structural similarities among these compounds suggest that their biological activity and hence the mode of their repellency may be similar. One common link among phenylpropanoid compounds may be in their postingestional biotransformation. The biotransformation of different phenylpropanoid compounds often results in the production of similar phenolic acids (e.g., p-coumaric, caffeic, and ferutic acids) (Solheim and Scheline, 1976; Scheline, 1978) . Some of these compounds [e.g., p-coumaric and femlic acid (FA), Figure  1 ] are known to have adverse physiological effects (see below) and consequently may manifest these effects before further biotransformation occurs or they are excreted from the animal. Consequently, animals may learn to associate the adverse effects of these metabolites with the ingestion of the original compound (i.e., learned avoidance) or natural selection may favor the avoidance of compounds that ultimately lower an animal's reproductive success.
Ruffed grouse (Bonasa umbellus) are herbivorous birds that occur throughout most of the northern forests of North America (see Bump et al., 1947; Jakubas and Gullion, 1991) . In many northern regions, the population level of this species undergoes 8-to 10-year cyclic fluctuations (Keith, 1963; Gullion, 1970 Gullion, , 1984 . These population fluctuations have been associated with annual changes in the suitability or availability of the staminate flower buds of quaking aspen (Populus tremuloides) (Jakubas and Gullion, 1991) --one of the principal winter foods for rafted grouse (Gullion, 1969 (Gullion, , 1977 . The suitability of these buds is partially determined by their coniferyl benzoate (CB) concentration [mean concentration: ca. 2.5 %; range 0-9 % (dry mass)] (Jakubas and Gullion, 1991;  C. Vispo and W.J. Jakrubas, University of Wisconsin, unpublished data). Ruffed grouse selectively feed on buds having low concentrations of this compound (Jakubas et al., 1989 ) and appear to utilize aspen buds less frequently when annual CB levels are high (Jakubas and Gullion, 1991) . Moderate increases in CB intake (e.g., <2.0 g/kg/day) may occur when annual CB levels are high and if other food items are scarce or are unsuitable for consumption. Studies on the physiological effects of CB may clarify mechanisms affecting ruffed grouse population fluctuations, reproductive behavior [e.g., an explanation for reduced drumming activity during periods of low grouse densities (see Gullion, 1984) ], and feeding behavior [e.g., an evolutionary explanation for their ability to differentiate between slight changes in CB concentrations (see Jakubas and Gullion, 1990; Jakubas et al., 1993a) ].
Relatively little is known about the toxicant-related effects of CB. Coniferyl benzoate is one of the principal skin allergens in gum benzoin Siam and jasmine oil (Hjorth, 1961; Kato, 1984) , is a feeding deterrent for birds and insects Gullion, 1990, 1991; Jakubas et al., 1992) , and may result in a negative nitrogen balance (due to omithine and ammonium excretion) when consumed by grouse (Jakubas et al., 1993b) . Ruffed grouse will consume up to ca. 2 g/kg/day of CB before rapid weight loss ensues because of food rejection (Jakubas et al., 1993a) . Jakubas and Gullion (1990) speculated that dietary CB may be hydrolyzed to coniferyl alcohol and subsequently oxidized to FA by detoxification mechanisms such as P-450 enzymes or hepatic oxidoreductases. Furthermore, they speculated that if FA were produced, CB might manifest the same antireproductive properties as FA. Free (nonconjugated) FA and trace amounts of 4-vinylguaiacol have been confirmed as biotransformation products of CB (Jakubas et al., 1993a) (Figure 1 ).
Dietary FA may affect the physiology of a number of animals (e.g., Berger et al., 1977; deMan and Peeke, 1982; Buchsbaum et al., 1984) . Berger et al. (1977) reported that consumption of FA and one of its biotransformation products, 4-vinylguaiacol (also see Scheline, 1968) , by female Microtus montanus resulted in decreased uterine weight, decreased the number of small to intermediate follicles, and for 4-vinylguaiacol (FA not reported) lowered the number of litters produced. For male Microtus montanus fed FA, Sakanari (1983) observed a decreased number of copulatory mounts, intromissions, and a lower number of mature spermatids. Neither Sakanari (1983) nor Berger et al. (1977) proposed a mechanism for these antireproductive effects, deMan and Peeke (1982), working with Japanese quail (Coturnix coturnix), suggested that FA had antiestrogenic activity based on decreased cloacal diameters (females) and the inhibition of male copulatory behavior (both responses are partially estrogen mediated).
In addition to its possible antiestrogenic effects, FA may affect reproduction by altering the production or activity of prolactin and other hormones. Gorewit (1983) reported that intravenous administration of FA in Holstein heifers temporarily increased serum levels of prolactin and growth hormone (GH) but did not affect the serum levels of luteinizing (LH) or thyroid hormones. Similarly, Takahashi [1974, as cited in Gorewit (1983) ] reported that FA stimulated pigeon crop activity (a prolactin mediated response). However, when FA was administered to male rats, serum levels of follicle-stimulating hormone (FSH) increased, LH decreased slightly, and prolactin decreased significantly (Okamoto et al,, 1976 ). An apparent decrease in prolactin levels was also observed when a closely related compound, p-coumaric acid, was administered orally to male and female rats (Pakrashi et al., 1979 (Pakrashi et al., , 1981 (Figure 1 ). In addition, oral administration of p-coumaric acid resulted in complete loss of male libido, decreased testicle and secondary sex organ weight, and decreased levels of plasma testosterone levels (Pakrashi et al., 1981) . For birds, higher prolactin levels are believed to affect parenting behavior [e.g., as in willow ptarmigan (Lagopus lagopus), Pedersen, 1989] and may depress estrogenesis by inhibiting the steroidogenic action of LH on the ovary (Sharp, 1980) . Lower testosterone levels generally decrease courtship and copulatory behavior (Johnson, 1986) , while exogenous testosterone can cause the testes to regress and lower spermatocyte numbers (Balander et al., 1980) .
The objectives of our study were to test the hypothesis that dietary CB interferes with male and female avian reproduction, to directly determine whether CB alters prolactin production, and to indirectly determine its estrogenic or antiestrogenic activity. To achieve this, we presented feed treated with CB to Japanese quail and determined the compound's effect on the production, mor-phology, and development of eggs; sex organ (primary and secondary) characteristics; serum prolactin levels; and male reproductive behavior. Although, ruffed grouse would have been the ideal species to test because of the ecological significance between CB and these birds, Japanese quail were chosen as our model species because: (1) The antiserum used in our prolactin radioimmunoassays may not cross-react with ruffed grouse prolactin. This antiserum was developed using chicken prolactin as the antigen and is known to cross-react with Japanese quail prolactin. (2) The mating behavior of male Japanese quail is well defined (see Wilson and Bermant, 1972) . (3) Japanese quail have welldeveloped ceca, as do ruffed grouse, which may be critical for the absorption and microfloral biotransformation of FA to 4-vinylguaiacol. (4) Comparisons could be made between our results and those of deMan and Peeke (1982) . (5) Logistically, it would be very difficult to do this study with ruffed grouse. All animal care procedures were approved by the University of Wisconsin's College of Agriculture and Life Science Animal Care Committee.
METHODS AND MATERIALS

Diet Preparation
The maintenance diet consisted of a laying diet for quail (formulated by the Poultry Science Department, University of Wisconsin) that contained 25 % protein and 2600 kcal/kg of available metabolizable energy. Control diets were prepared by mixing the laying ration with ethyl ether and evaporating the ether under a fume hood. For treatment diets, the laying ration was impregnated with CB by dissolving crystalline CB in ethyl ether, thoroughly mixing the feed with the ether solution, and evaporating the ether under a fume hood. Treated and control diets were kept in sealed plastic bags at -17~ until utilized. Coniferyl benzoate was extracted and crystallized from benzoin Siam tears #3 (Alfred Wolff, Paris France) as described in Jakubas et al. (1992 Jakubas et al. ( , 1993a .
Birds
Japanese quail were obtained from the Department of Poultry Science, University of Wisconsin. For the female reproductive study, laying Japanese quail (8-10 weeks of age) were arbitrarily chosen from communal cages, monitored for egg production, and 24 consistent layers selected for the study. For the male reproductive study, birds were screened (see below) for their reproductive performance, and 20 were selected for the study. All birds were housed individually in 27.5 x 46-cm stainless steel cages under constant temperature conditions (18.5~ and 22~ females and males, respectively) and kept on the same light cycle (14:10 hr, light-dark) that they were accustomed to prior to these studies~ During the pretrial acclimation period, birds were provided untreated feed (maintenance diet) and tap water ad libitum. Acclimation time for females was at least one month, except for two control and two treatment birds (pairs) that were only acclimated eight days. Acclimation time for males ranged from one week to one month. Males were visually isolated from stimulus females except during behavior trials.
Reproductive toxicity trials incorporated a pair-fed design to control for physiological effects associated with the decreased food intake that often occurs with CB consumption. Therefore, females (all wild-type color phase) were paired according to their mass, egg productivity, and food consumption, while males were paired according to their mass, color phase (i.e., wild-type and recessive white), and food consumption. Individuals from each pair were randomly placed into treatment and control groups, and housed in separate cage banks under equal light intensities.
CB Metabolism
Coniferyl benzoate biotransformation products were determined by comparing the chemical composition of excreta from female Japanese quail fed a 1.5% CB diet to that of females fed the maintenance diet. Excreta were immediately frozen and lyophilized within 10 days after collection. For free FA determinations, lyophilized excreta (5 g) were extracted (2 x) in darkened containers with ethyl ether (50 mt) by rapidly stirring the ether-excreta mixture for 30 min. Extracts were combined, filtered, and concentrated by evaporation. Ether extracts were analyzed for FA by high-pressure liquid chromatography (HPLC) (see below). The presence of conjugated FA, occurring as feruloyl glucuronide, was determined by enzymatically hydrolyzing the glycosidic bond following Voight and Schmidt (1974) , extracting the free acid, and analyzing the extract by HPLC. Briefly, lyophilized quail excreta (100 mg) were extracted by vortexing the excreta with 10 ml of 0.3 M Tris buffer (pH 10) for 30 min. The extract was filtered, acidified to pH 6.5 with acetic acid, and boiled for 15 min. After the extract had cooled, /3-glucuronidase (type IX-A; from E. coli; Sigma) was added and the mixture, incubated overnight at 37~ Following incubation, the aqueous hydrolysate was extracted with methylene chloride (3 x) and the organic phase dried with magnesium sulfate. Biotransformation products were separated by HPLC (Beckman 110 B pumps coupled to a 167 scanning detector and a 406 analog interface module) using a Waters /zBondapak C~8 column (3.9 x 300 ram) and detected at 295 nm. Chromatographic conditions were To (time = 0 min) flow rate = 1 ml/min, solvent mix = 70% A; T 1 = 10 min, flow rate 1 ml/min, 40% A, ramp time = 2 min; T 2 = 35 min, flow rate = 2 ml/min, 70% A, ramp time = 2 min; T 3 --42 min, flow rate = 1 ml/min, 70% A; where solution A is 2% tetrahydrofuran in water and solution B is acetonitrile. Ferulic acid was identified by comparing sample peaks to that of a commercial FA standard (Sigma, St. Louis, Missouri). Additional biotransformation products were identified by gas chromatography (GC) (these products were previously identified using GC-mass spectrometry and known standards) following the methods in Jakubas et al. (1993a) .
Female Reproductive Studies
Initial Screening. Twelve days prior to the start of reproductive toxicity trials, a two-day pilot study (food palatability trial) was conducted to determine the level of dietary CB that Japanese quail would tolerate. Standard 2-hr, onecup tests were used to evaluate food palatability (e.g., Mason et al., 1989) , with the exception that pretreatment and treatment periods were only one day in length. Briefly, 12 birds from the treatment group were randomly assigned to three groups (four birds/group), and each group assigned a test regime. On day 1, all birds were deprived of food overnight and for 3 hr after light onset (2000 to 0900 hr) to encourage food consumption. At 0900 hr all birds were given 25 g of the control diet. Food consumption was measured at 1100 hr, and birds were allowed to feed ad libitum on their maintenance diet until lights out. On day 2, the same food deprivation routine was followed. However, at 0900 hr, each group received 25 g of one of three treatment diets (1.5%, 2.0%, 3.0% CB). At 1100 hr, food consumption was measured and the birds were allowed to feed ad libitum on their maintenance diet. Each bird's food consumption (2-hr) on day 1 was compared to its 2-hr food consumption on day 2.
Following the palatability trials, pretrial (i.e., the reproductive toxicity trial) feed intake (grams per day) was measured for 48 hr.
Reproductive Measurements. Pretrial egg production and morphological measurements were made from eggs collected during an eight-day period immediately prior to the reproductive toxicity trial. Pretrial eggs were compared to trial eggs (12-day period) for morphological measurements including mass, color, specific gravity of (dry mass -mass of water displaced by the egg), and shell thickness (following Ratcliff, 1970) . For egg color, four or more pretrial eggs, from an individual bird, were compared to the color and texture of its trial eggs by a single observer.
Each bird's pre-and post-trial blood samples (1 ml) were taken from the jugular vein at the same time of day. Pretrial samples were collected six days prior to the reproductive toxicity trial (three birds were sampled one day prior to the trial), and posttrial blood samples were taken one day after the end of the feeding routine (day 13 for treatment birds and day 14 for control birds). Serum samples for prolactin determinations were stored at -17~ until analyzed. Packed cell volumes (PCV) were determined from blood samples collected in heparinized capillary tubes that had been centrifuged at 3000 rpm for 7 min. A bird's PCV was calculated as the ratio of red blood cells to plasma and expressed as a percentage.
For female Japanese quail, cloacal diameter is a sensitive indicator of ovarian and estrogen activity (Noble, 1973) . Cloacal diameter (length) and bird mass were measured on the same days that blood collections were made. Other reproductive measurements were made after sacrificing the birds. Birds in treatment and control groups were sacrificed on day 13 and day 14, respectively. Mass measurements were made on the oviduct, entire ovary, the ovary without the three largest follicles, and the three largest follicles. In addition, the diameter of the three largest follicles and the number of intermediate size follicles (i.e., 1.5-3.0 mm diameter) were determined.
Prolactin Assay. Prolactin (AFP-10328B) was iodinated using a modification of the ehloramine-T method of Hunter and Greenwood (1962) . Incorporation of 125I into protein was determined by first adding 1/xl of the iodination mixture to 1 ml of buffer [0.1 M phosphate buffer (PBS), pH 7.4, containing 5 % thin egg albumin] and subsequently adding 2 ml of 1% (mass/v) phosphotungstic acid. The mixture was then centrifuged at 3000 rpm for 3 min, and a 300-/zl aliquot of the supernatant measured for radioactivity using a Micromedic gamma counter. The labeled hormone was isolated from the iodination mixture in two steps using gel chromatography. For the initial cleanup, a 15-cm x 0.5-cm column of Sephadex G-25, overlain with 25 % bovine serum albumin (BSA) (1:2, iodination solution-BSA) was used and eluted with 0.05 M (pH 7.4) sodium phosphate buffer. Fractions having high radioactivity counts and containing the marker dye were combined and further purified using a 100-cm x 1.5-cm column of Sephadex G-75 and the same eluent as above. The purified labeled hormone was diluted with the PBS-5 % albumin buffer and stored under refrigeration until used in the assay.
For the assays, antiserum 1, AFP-151040789 (developed by A. Parkow, Harbor-UCLA Medical Center) was diluted (1:32,000) with PBS (pH 7.4) containing 0.5 % normal rabbit sera and 0.05 M of disodium ethylene diaminetetraacetate and brought to a final tube dilution of 1:320,000. Antiserum 2 (sheep anti-rabbit) was diluted (1:40) with PBS and brought to a final tube dilution of 1:400. A standard curve was developed from 14 log increment concentrations (0.31-40 ng) of reference prolactin (AFP-10328B) as described in Wentworth et al. (1976) . Standards and 100-/zl aliquots of quail serum were incubated 24-hr at room temperature (ca. 20~
with [~25I]prolactin (30,000 counts/min), antiserum 1, and PBS-5 % albumin. Final tube volume for standards and unknowns was 1 ml, and all determinations were done in duplicate. Following the incubation, antiserum 2 was added, the mixture incubated at room temperature overnight, centrifuged, and analyzed for radioactivity as described above. Specific binding was determined by subtracting the mean nonspecific binding ([125I] prolactin present, antiserum 1 absent) from total binding ([125I] prolactin and antiserum 1 present). Cross-reactivity was checked by assaying three concentrations (50, 100, 200 ng/ml) of chicken LH, FSH, and GH, along with the serum from a hypophysectomized chicken (hypox. serum). Parallelism was checked by determining if the slope of the standard curve developed from reference prolactin differed significantly (95 % confidence interval) from the slope of the regression derived from four concentrations of hypox, serum spiked with reference prolactin.
Reproductive Toxicity Trials. Trials consisted of presenting 10 pairs of birds (four birds were removed from the experiment because they were inconsistent layers) matched amounts of food over a 12-day period. On day 1, at 1600 hr, 10 birds in the treatment group were given 40 g of treatment diet (CB treated feed). On day 2 (1600 hr), 10 birds in the control group were allowed to consume the same amount of feed (control diet) as their counterpart in the treatment group consumed (CB diet) on day 1. This staggered feeding routine continued until the end of the trial. Food intake during the reproductive toxicity trial was compared daily to pretrial intake levels to assure adequate food consumption.
Initially, a 2 % CB diet was selected for the reproductive toxicity trial based on pilot study results (see Results). However, after day 3 of the trial, it was apparent that at least four birds in the treatment group would not consume enough of the treatment diet (i.e., their consumption rates were less than 80% of their pretrial levels) to maintain egg production. Therefore, in order to improve food consumption, the CB concentration of the treatment diet was lowered to 1.5% for all birds in the treatment group for the remainder of the trial (day 4 through day 12).
Male Reproductive Studies
Initial Screening. All males were evaluated for aggressiveness and libido using female conspecifics prior to their inclusion in the reproductive behavior study. Males were isolated (visually and physically) from females 24 hr prior to testing. The observation arena consisted of an introductory chamber and an observation box. The observation box (57.5 x 40 x 38 cm) was constructed out of plywood, with a hardware cloth floor and a clear Plexiglas front. The back of the observation box was a sliding door that permitted access to the interior. A swinging door on the side of the observation box permitted the attachment of a Plexiglas introductory chamber (20 x 15 x 16 cm). The introductory chamber was translucent except for a clear sliding door that could be raised and lowered by a pulley system. Opposite from the introductory chamber and centered 29 cm from the floor of the observation box was an 11 x 7-cm hole covered with hardware cloth, from which a 100-W incandescent lamp illuminated the box. All observations were made from a blind located approximately 3 m from the observation box. For the initial screening, one to two actively laying females were placed in the observation box. A male was then placed in the introductory chamber, and the chamber attached to the observation box. The birds were allowed to observe each other through the clear door of the introductory chamber for 30 sec before the door was raised. After the door was raised, the male was given 3 min to complete a sequence of mating behaviors. Mating behaviors included head grab, mount, and cloacal contact movement, as defined by Wilson and Bermant (1972) . If the male did not complete this sequence of mating behaviors in the allotted time, it was not used in the study. Stimulus females were generally replaced with new females after they had endured three or four matings or if they became overly aggressive.
Prior to the reproductive behavior trials, food acceptability was assessed using 2-hr food palatability trials following the same protocol as described for the females, with the following exceptions. Only 11 treatment males were used for these trials (one bird was later excluded from the study), the trials were conducted nine days prior to the birds being presented their treatment diet in the behavior trials, and only 15 g of CB-treated feed was presented to each bird. Pretrial food intake (24-hr) was determined immediately following the palatability trials.
Behavioral and Reproductive Measurements. The pretrial mating behaviors of 10 pairs of control and treatment males were assessed over three days (one mating trial per day for each bird) immediately prior to the reproductive toxicity trials. Reproductive behavior trials started between 1230 and 1300 hr, and consisted of presenting a male to a single female in the previously described observation arena. Seven actively laying females were used as stimulus birds. Paired males were tested consecutively and generally presented the same female. A different female was presented to each pair of males on each of the three days, with the exception of the few males that would only mate with a specific female. Those males were only mated with one female over the three-day testing period. In general, only males and females of a like color phase were mated (see Results). Males and females were given 30 sec to observe each other before the door of the introductory chamber was opened. Mating behaviors were recorded for 4 rain after the introductory chamber's door was opened. These behaviors included strut, head grab, mount, and cloacal contact movement (latency, duration, and frequency) (see Wilson and Bermant, 1972) . Latency, in general, was considered to be the period of time from the opening of the chamber door to the initiation of a head grab by the male. Males were allowed to complete any behavior initiated before the end of the 4-min period. Behaviors were recorded using an Atari Portfolio computer (programmed by J. Coleman, University of Wisconsin). If a male repeated a single behavior in less than one second, it was counted as a single event. A bird's pretrial mating performance, therefore, was determined by the mean latency, frequency, and duration of each mating behavior during the pretrial period (three days).
Blood samples were taken between 0930 and 1100 hr one day prior to the birds receiving the treatment diet, and PCVs determined using the same protocol as given for the females. On the same day, body mass and the width and depth of the proctodeal gland (synonymous with the foam gland or cloacal gland) was measured. Proctodeal gland measurements are reported as proctodeal gland area (width x depth). Proctodeal gland development is under androgen control, and consequently its size is closely correlated with testicular size (Klemm et al., 1973) .
Reproductive Toxicity Trial. Reproductive toxicity trials incorporated a pairfed design similar to that described for the females. Ten treatment males were presented 25 g of the 2% CB diet each day. Control birds (N = 10) were allowed to consume the same amount of feed (control diet) as their paired counterpart consumed when it was given the treatment diet. All birds were kept , on this feeding routine for 13 days. On days 10-12 (three days) of the trial, reproductive behavior was assessed following the same protocol described for the pretreatment period. Males were mated with the same females used in the pretreatment period. On day 14 the birds were bled and proctodeal gland measurements taken. On day 15, birds were measured for body mass, euthanized, and their testes and proctodeal gland weighed.
Statistical Analyses
Palatability trials were analyzed using a two-factor analysis of variance (ANOVA) with CB concentration as the independent factor and repeated measures between testing periods. For egg production and food consumption, the daily differences between paired birds (i.e., treatment -control) were summed for the trial and analyzed using paired t tests. Coniferyl benzoate intake (grams per kilogram per day) was calculated using daily food consumption and a bird's mean pre-and posttrial body mass. Male pairing assignments were primarily made to ensure equal light conditions and food consumption, rather than equivalent reproductive behaviors. Therefore, the mating behaviors were analyzed using unpaired t tests (two-tailed). Physiological responses (male and female) and differences between treatment periods were compared using paired t tests (two-tailed). Simple linear regressions were used in the prolactin assay to calculate standard curves. For all cases, differences were considered significant if P < 0.05. Means _+ standard error (SE) are reported.
RESULTS
CB Biotransformation
As expected, the biotransformation of CB resulted in the excretion of ferulic acid and its conjugated form femloyl glucuronide, when female quail fed on a 1.5 % CB diet. Other biotransformation products that appeared to be similar to those from ruffed grouse included: benzoic acid, eugenol, vanillin, coniferyl " alcohol, and acetovanillone (see Jakubas et al., 1993a) .
Palatability Trials
Both male and female quail consumed less feed during the treatment period (all CB concentrations) than during the pretreatment period (control diet) of the palatability trials (F = 48.02; 1,8 df; P < 0.01 and F = 4.07; 1,9 df; P = 0.02; respectively) ( Table 1 ). However, birds did not discriminate between CB concentrations, as indicated by the nonsignificant interaction term (concentration • period) of the ANOVA (F = 0.75; 2,8 df; P = 0.50 and F = 0.03; 2,9 df; P = 0.98; males and females respectively). Since birds did not appear to discriminate among any of the CB concentrations, a CB concentration of 2 % was chosen for the reproductive toxicity trials. We felt that 2 % concentration was ecologically realistic, would provide a CB intake similar to that of ruffed grouse in the wild, and would be sufficient to induce antireproductive effects.
Female Reproduction
Food Intake and Body Mass. Female consumption of the 2 % CB diet during the first three days of the reproductive toxicity trial was 73.6% + 4.8 of their pretrial food intake and consequently was considered unsatisfactory for maintaining egg production (i.e., we did not want food-intake levels to drop below 80 % of pretrial levels). Daily food consumption during this period for birds in the treatment group was 17.1 _+ 0.9 g as compared to 22.8 +_ 1.0 g during the pretrial period. Therefore, on day 4, all birds in the treatment group were put on a 1.5% CB diet. Food consumption increased to 85.9 _+ 1.1% of pretrial levels on the 1.5 % CB diet, and mean daily food intake over the remaining nine days of the trial was 19.2 _+ 0.3 g. However, food intake on the 1.5% CB diet was lower than during the pretrial period (Table 2) on the 2% and 1.5% CB diets was 2.38 + 0.14 and 2.01 _+ 0.03 g/kg/day, respectively. As per study design, feed consumption did not differ (P = 0.422) between treatment and control birds over the 12-day CB feeding routine ( Table 2 ). The body mass of birds in the control group was slightly higher than that of birds in the treatment group after the CB feeding routine, but this difference was not significant among pairs (P = 0.125) ( Table 2 ). However, it was evident over the course of the CB feeding routine that birds in the treatment group lost a significant amount mass, compared to their pretrial mass, while birds in the control group maintained their pretrial mass (Table 2) .
Reproduction Indicators. Pretrial egg production was similar (P = 0.270) among control and treatment bird groups. Egg production during this period was 0.79 _+ 0.03 and 0.74 _+ 0.05 eggs/day/bird for control and treatment groups, respectively. Egg production during the CB feeding routine was significantly lower (ca. 15 % lower) for birds receiving the treatment diet than for the pair-fed controls (Table 3) . Mean egg production for birds in the treatment group decreased slightly from the pretreatment period while egg production in the control group increased. Follicle development appeared to be significantly different between control and treatment groups. The mass of the three largest follicles was significantly greater in treatment birds than controls (Table 3 ). The greater follicle mass in treatment birds was primarily attributed to the significantly larger F1 follicle in these birds (Table 3) . There were no significant differences between control and treatment birds in parameters that are readily influenced by estrogen production, including: egg color, shell thickness, and specific gravity; oviduct mass; cloacal diameter; and PCV (Table 3 ). Blood analyses indicated that PCVs were similar among control and treatment birds (P = 0.580). The percentage of red blood cells in the serum was 47.4 _+ 1.6% and 48.6 _+ 0.8% for treatment and control birds, respectively, following the 12-day feeding routine of the reproductive toxicity trial and was similar to pretrial levels (45.4 _+ 1.3 % and 47.0 _+ 1.3 % for treatment and control groups, respectively).
Serum prolactin levels were not significantly different between treatment and control females before (P = 0.447) or after (P = 0.263) the reproductive toxicity trial. Serum prolactin levels were 78.7 _ 6.3 and 85.8 _ 9.0 ng/ml for posttrial treatment and control birds, respectively, and 83.2 + 6.6 and 79.9 _+ 7.3 ng/ml for pretrial treatment and control birds. Individual birds did not differ in their serum prolactin levels pre-or posttrial in either the treatment (P = 0.353) or control (P = 0.472) groups. Tests for cross-reactivity with other hormones (i.e., LH, FSH, GH) indicated that the first antibody did not bind with these hormones at any of the three concentrations tested. Similarly, the first antibody showed no affinity for hypox, serum. Tests for parallelism indicated that the slope of the regression developed from hypox, serum spiked with reference prolactin was within the 95 % confidence interval of the slope of our prolactin standard curve.
Male Reproductive Studies
Food Intake and Body Mass. Unlike the females, male food consumption of the 2 % CB diet over the first three days of the trial did not drop below 80 % of pretrial levels. Treatment males consumed 10.5 ___ 0.7 g of food per day for the first three days of the trial or 80.3% + 5.3 of pretrial levels (i.e., 13.1 + 0.7 g/day). Over the entire 13-day CB feeding routine, treatment males consumed 87.8 % _+ 2.1 of their daily pretrial food intake. As per study design, food consumption of paired birds did not differ (P = 0.274) over the 13-day trial (Table 2 ). Coniferyl benzoate intake over the 13-day trial was 1.84 _+ 0.04 g/kg/day. Body mass did not differ among paired control and treatment males before or after the 13-day CB feeding routine (P = 0.780 and P = 0.177, respectively) ( Table 2 ). Similar to the females, treatment males lost a significant amount of mass over the course of the CB feeding routine, while the mass loss of pair-fed control males was not significant (Table 2) .
Behavioral and Physiological Effects. Pretrial screening indicated that certain males were very selective in the females that they would mate with. For example, a recessive-white male that was caged with a wild-type color phase female prior to the study would only mate with wild-type females. In particular, we found that wild-type males were not interested in recessive-white females (e.g., no mating behavior was observed in five mating attempts with different recessive-white females) but would readily mate when presented with a wildtype female. However, recessive-white males, in general, did not show a preference for a particular color phase. For these reasons, wild-type males were only mated with wild-type females in our study and males that would only mate with one or two particular females were only mated with those females.
Consumption of the 2 % CB diet by treatment males did not appear to have any major effect on the number, duration, and latency of the four mating behaviors we measured (Table 4) . Treatment males appeared to make fewer head grabs than control males; however, the difference was not significant (Table 4) . Treatment males did not differ from controls, after the 13-day feeding routine, in the size or mass of their proctodeal glands or testes (Table 5 ). Control males did have larger (area, square millimeters) proctodeal glands (P = 0.038) than treatment males prior to the 13-day feeding routine; however, neither the control or treatment groups appeared to differ in proctodeal gland size from the pretrial to posttrial period (P = 0.353 and P = 0.158, respectively) (Table 5 ). Finally, there was no difference in blood PCV between control and treatment males (Table 5) .
DISCUSSION
Consumption of CB by Japanese quail did not affect male reproductive performance but did have a minor but significant effect on female reproduction. Egg production for treatment females consuming 2.01-2.38 g CB/kg/day was ca. 15 % lower (P = 0.05) than for females receiving the control diet. In addition to decreased egg production, females and males feeding on CB diets lost a significant amount of body mass over the treatment period (12-13 days), while control birds maintained or only slightly decreased their body mass. This was especially evident for females, where pair-fed control birds, which laid 15% more eggs, maintained their body mass while treatment birds lost (P = 0.009) body mass.
Male Reproduction
Although quail metabolized CB into FA, the amount of FA produced from consuming 1.84 _+ 0.04 g CB/kg/day apparently was not sufficient to reduce male reproductive behavior. Comparatively, deMan and Peeke (1982) observed decreased reproductive behavior when their male quail fed on a 0.5% (mass/ mass) FA diet. Estrogen and testosterone are the principal hormones that influ- aBehaviors are reported as daily means 5: SE for the 4 min observation period. P-values are for unpaired t-tests comparing the response of control and treatment birds during the treatment period (trial). bLatency is the number of seconds before the male made his first head grab. ~'Duration connotates the total amount of time spent performing this activity, ~Cloacal contacts connotes the number of times a male copulated not individual cloacal contact movements, ence mate reproductive behavior in Japanese quail (Adkins et al., 1980; Balander et al., 1980) . Coniferyl benzoate did not appear to interfere with the functions of either of these hormones, based on male reproductive behavior, the size of the testes and proctodeal gland (influenced by testosterone), blood PCV levels (influenced by estrogen), and estrogen-mediated responses in female quail. Consumption of food treated with higher concentrations of CB could conceivably produce enough FA to elicit antireproductive effects, similar to those reported by deMan and Peeke (1982); however, it is doubtful whether quail or other birds (e.g., ruffed grouse) would consume a sufficient amount of this food to maintain their energy balance or actually increase their CB intake. For example, the highest intake of CB observed for Japanese quail (females), over a threeday period (2.38 _ 0.14 g CB/kg/day, 2.0% CB diet) was very similar to the maximum CB intake (2.3 _ 0.11 g CB/kg/day, 6.5% CB diet) of ruffed grouse over a four-day period (see Jakubas et al., 1993a) . Coniferyl benzoate intake was limited in both of these instances by decreased food consumption. Therefore, although CB may have the potential to effect the reproductive behavior of male birds via the production of FA, it does not appear that Japanese quail or ruffed grouse would consume sufficient quantities of CB to elicit an "antireproductive" response. There were marked differences in the reproductive behavior of Japanese quail in our study compared to quail in deMan and Peeke's (1982) study. Control males in deMan and Peeke's study performed two to three times the number of head grabs (nine), mounts (nine), and cloacal contacts (eight) as our birds (cf .  Table 4 ). However, the duration of some of these behaviors (e.g., head grabs) were longer in our study. One reason for the higher frequency of these behaviors may be that their prescreening procedure selected birds that would mate more readily. They rejected males that would not go through the complete mating sequence within 1 min after being placed in the same box as a female, while we found that a 3-min time limit was more realistic for our birds. Once exposed to the mating routine, however, our males would normally attempt to mate well within the first minute of being exposed to a female (see latency Table 4 ).
Female Reproduction
Our study indicates that the negative effect that CB had on egg production may be more related to its effect on energy assimilation and retention than to its effect on the endocrine system. We expected CB to have an antiestrogenic effect similar to that reported for its metabolic product, FA (see deMan and Peeke, 1982) . However, we did not see any evidence that CB affected estrogen sensitive parameters such as oviduct mass, female cloacal diameters, and blood PCV (Table 3 ). In addition, dose-response growth assays (growth measured as total DNA) using human breast cancer cells did not indicate that p-coumaric acid, CB, or its metabolites FA, 4-vinylguaiacol, and coniferyl alcohol had any estrogenic or antiestrogenic activity (unpublished data, W.J. Jakubas, V.C. Jordan, and C. Parker, University of Wisconsin). Structure-activity studies (Jordan et al., 1985) also indicate that the principal metabolites of CB and FA do not have the structural configuration necessary to produce an estrogenic or antiestrogenic response (also see Scheline, 1978, p. 209; Jakubas et al., 1993a) .
Coniferyl benzoate ingestion apparently did not affect prolactin production as was observed when FA was administered to other animals. However, in these other studies (i.e., Okamoto et al., 1976; Gorewit, 1983) , FA was administered intravenously, and serum prolactin levels were only monitored over several hours postinjection. The oral route of administration and the prolonged exposure to CB (and hence FA) in our study may be two reasons why we did not observe a change in prolactin levels, but these factors did not appear to be critical in prolactin studies where rats were fed p-coumaric acid (cf. Pakrashi et al., 1979 Pakrashi et al., , 1981 .
The significantly larger F1 follicle of treatment females as compared to controls cannot be attributed to a specific hormonal change or antireproductive factor. However, one of us (B. C.Wentworth) has observed that treatments which block ovulation often result in the F1 follicle becoming significantly larger than normal before undergoing atresia. Atretic follicles, however, did not occur more frequently in treatment birds than controls.
Dietary CB has several effects on the absorption and retention of nutrients and energy, which could affect egg production. For ruffed grouse, CB lowers energy absorption and retention efficiencies and increases the rate of nitrogen excretion (Jakubas et al., 1993b) . At CB intake levels nearly identical to those of the present study, the energy lost by ruffed grouse from the excretion of omithine and glucuronic acid conjugation products was 4.2 % of their assimilated energy (Jakubas et al., 1993b) . In addition to energy losses associated with detoxification, the amount of utilizable energy that our quail could obtain from their food would be diluted by the 1.5% CB content of the feed. Assuming that detoxification costs from CB ingestion are similar for ruffed grouse and quail, female quail consuming the 1.5% CB diet should experience approximately a 6% decrease (i.e., costs of detoxification + dilution effect) in the amount of energy that they could retain from their food, as compared to pair-fed control birds.
Using this 6% energy loss as the minimum cost attributable to the toxic effects of CB, we can calculate whether it would be sufficient to account for the decreased egg production in our treatment birds. The basic premise for these calculations is that the difference between the maximum sustainable intake of metabolizable energy and basal energy expenditures determines the amount of energy available for various activities (see Karasov, 1986; Calow and Sibly, 1990) . By partitioning an animal's total energy output into maintenance, extraneous activity, and reproductive expenditures, we can determine the energetic impact a toxicant has on a given activity such as reproduction. For example, if we assume that maintenance costs are fixed, a laying hen in our study could compensate for reduced energy intake (food) and increased detoxification costs by either decreasing extraneous activity (e.g., walking), increasing her use of stored energy (catabolism), by decreasing reproductive costs, or by using some combination of these factors. In our study, decreased food intake did not affect the egg production of pair-fed control birds or cause a decrease in their body mass. Applying these results to our model we would assume that control birds decreased their extraneous activity to keep egg production constant. Similarly, our model would predict that treatment birds decreased their egg production and lost body mass in order to compensate for a drop in energy acquisition and retention. But would the above 6% drop in utilizable energy account for this drop in egg production? Laying quail consume approximately 33% more of our maintenance diet than nonlaying birds (B.C. Wentworth, personal observation). If we assume that normal maintenance costs are constant, a 33 % increase in food consumption would equate to a 33 % increase in energy intake to meet reproductive costs. By partitioning energy expenditures, we can see that the reproductive energy expenditure makes up 25% {25% = [33 (increase in energy intake)/133 (total energy intake)] 9 100} of the total energy budget. If we assume that the other 75% of a bird's energy expenditures are fixed, the 6% reduction in utilizable energy must come from the reproductive component or from 25% of the bird's total energy intake. This translates to a 24 % decrease in the amount of energy available for reproduction. Therefore, the t5% lower in egg production, and possibly the higher mass loss, of the treatment birds in our study could be explained by the predicted 24 % decrease in energy available for reproduction, without implicating any other toxicological effects. In a broader sense, this example illustrates the energy constraints that dietary plant secondary metabolites place on an animal's physiology and behavior through detoxification costs and interference with energy acquisition.
Comparisons to Ruffed Grouse
Although grouse and quail may attempt to limit their CB intake to approximately the same level (i.e., 2.0 g/kg/day), the physiological affects of CB appear to be slightly more pronounced in Japanese quail. Paired-intake feeding trials with ruffed grouse indicate that the mass loss associated with a CB intake level of 2.3 g/kg/day could be primarily attributed to reduced food consumption; however, the significant mass loss experienced by quail consuming ca. 2.0 g CB/kg/day was independent of food intake. This suggests that quail experienced different adverse effects or were more susceptible to the toxic effects of CB than ruffed grouse. Although it was unclear whether the most prevalent factor limiting ruffed grouse consumption of CB was toxicity or palatability (Jakubas, 1993a) , postingestional effects were obvious in the present study with quail and likely played a role in limiting CB consumption. This raises the question of whether ruffed grouse are better adapted to the toxicity of CB because of their association with quaking aspen over evolutionary time. Excretal analyses indicate that the biotransformation of CB by ruffed grouse and quail is similar. Both grouse and quail feeding on a 1.5% CB diet produced free and conjugated forms of FA; however, preliminary data indicate that quail appear to produce fewer types of unconjugated biotransformation products than grouse (Jakubas, unpublished data; also see Jakubas et al., 1993a) .
The palatability of CB-treated food appears to be similar among Japanese quail, ruffed grouse, and European starlings (Sturnus vulgaris) (see Jakubas et al., 1992 Jakubas et al., , 1993a . This is consistent with the irritant properties of CB and the unspecialized nature of the trigeminal nerves, which sense this chemical irritation (Jakubas and Mason, 1991) . Although quail did not discriminate among different CB concentrations (1.5% to 3% mass/mass in 2-hr palatability trials, food consumption was significantly lower over all CB concentrations than consumption of the control diet.
Ecological Relevance
Energetic costs associated with detoxification and lower utilization efficiencies are higher for ruffed grouse feeding on aspen buds than on CB-treated food, in part, because of the other phenolic compounds in aspen buds (Jakubas et al., 1993b; Guglielmo, 1993) . Guglielmo (1993) compared the digestive efficiencies and detoxification costs of grouse feeding on quaking aspen buds having low and moderate levels of CB. In that study, he found that ruffed grouse were 24 % less efficient in extracting and retaining energy when feeding on buds containing 2.4% CB than 1.3% CB buds. In addition, birds feeding on aspen buds containing 2.4% CB had endogenous nitrogen losses, associated with detoxification, that were nearly double the endogenous nitrogen loss of birds feeding on food containing no plant secondary metabolites (Guglielmo, 1993) . Consequently, if birds feed on aspen buds having average protein levels (10%) and moderate (2.4%) levels of CB, they would likely have a negative nitrogen balance (Jakubas et al., 1993b) . Unsuitable levels of CB or protein in aspen buds may force grouse to seek alternative foods, thus increasing their feeding time and raising their susceptibility to predation (Jakubas and Gullion, 1991) .
If natural selection pressures have produced ruffed grouse that can readily distinguish dietary CB concentrations, as is suggested by feeding trials (Jakubas and Gullion, 1990; Jakubas et al., 1993a) , increased survival rather than higher reproduction rates may have been the most important selection mechanism. Ruffed grouse reproduction could have potentially been affected by CB, if CB directly affected the endocrine system and if this effect persisted over the breeding season. However, any effect that CB might have on reproduction appears to stern from factors related to energy acquisition and retention. Therefore, it would be necessary for ruffed grouse to feed on aspen buds at the time they are laying their clutches in order to be affected by CB. Although ruffed grouse make heavy use of aspen during the breeding season, the buds generally have elongated into catkins by the middle of the breeding season (late April in Minnesota) or by the time hens begin to lay their clutches. Even if birds fed on aspen catkins during clutch laying, aspen catkins have a lower CB content than flower buds because of their higher ratio of reproductive to bud scale material (only the bud scales contain CB) (Jakubas et al., 1989) . In addition, these bud scales can easily fall off when the bird picks the catkin (bud scales seldom occur in catkin droppings; G.W. Gullion, personal communication) and hence, the bird is left with a relatively nutritious food source. In contrast to reproduction, a selective advantage would likely come from increased survival rates for birds that were able to distinguish between low and high CB buds during the winter. Birds that are capable of selectively feeding on only low CB aspen buds would have at least 24 % higher energy utilization efficiencies (Guglielmo, 1993) . Higher food utilization efficiencies would enable these birds to spend less time feeding and more time in the protective cover of their snow roosts. Less exposure to predation during the time of year when mortality rates are highest for adult grouse should confer a survival advantage, and hence select for birds that were able to distinguish between low and high CB levels in aspen buds.
CONCLUSIONS
Dietary CB does not appear to have antireproductive effects similar to FA at intake levels that ruffed grouse and Japanese quail would freely consume. Contrary to FA, CB produced a significant decrease in egg production, did not affect male breeding behavior, female cloacal diameters (or other estrogenmediated responses), and serum prolactin levels. Therefore, we reject the hypothesis proposed by Jakubas and Gullion (1990) that if dietary CB is biotransformed to FA it would manifest antireproductive effects similar to FA. Based on various assays for estrogenic and antiestrogenic effects, and previous studies on structure-activity relationships, it does not seem likely that CB, FA, or their known biotransformation products would directly act as estrogen mimics or antagonists. We cannot reject our hypothesis that dietary CB interferes with male or female avian reproduction. The lower egg production of birds consuming CB may be explained by lower energy acquisition and retention rather than endocrine changes per se. By partitioning energy expenditures, we illustrated how dietary plant secondary metabolites might constrain reproduction by limiting energy acquisition and retention. Although CB did reduce egg production in quail, it is unlikely that it would affect egg production in wild ruffed grouse. We did not observe any antireproductive effects in males (i.e., reproductive behavior and testes size); however, we had insufficient information on other reproductive parameters (e.g., sperm viability) to totally reject the hypothesis that CB interferes with male reproduction.
